The rhesus monkey rhadinovirus (RRV), a γ2-herpesvirus of rhesus macaques, shares many biological 11 features with the human pathogenic Kaposi's sarcoma-associated herpesvirus (KSHV). Both viruses, 12 as well as the more distantly related Epstein-Barr virus, engage cellular receptors from the Eph family 13 of receptor tyrosine kinases (Ephs). However, the importance of the Eph interaction for RRV entry 14 varies between cell types suggesting the existence of Eph-independent entry pathways. We 15 therefore aimed to identify additional cellular receptors for RRV by affinity enrichment and mass 16 spectrometry. We identified an additional receptor family, the Plexin domain containing proteins 1 17 and 2 (Plxdc1/2) that bind the RRV gH/gL glycoprotein complex. In vitro, blocking assays with soluble 18
INTRODUCTION 28
The rhesus monkey rhadinovirus (RRV), a member of the genus γ2-herpesvirus or rhadinovirus, is 29 closely related to the only human pathogenic member of this genus, the Kaposi's sarcoma associated 30 herpesvirus (KSHV) (1, 2). Due to the high similarity in both genome organization and biology RRV is 31 considered as an animal model virus for KSHV (3) and has been used as such in various in vitro and in 32 been demonstrated (26, 27) . Cortactin, nidogen and the pigment epithelium derived factor (PEDF) 68 have been described as interactors for Plxdc1 and Plxdc2 (28-30). However, the physiological 69 relevance of these interactions is not fully understood. In this study we characterize the interaction 70 of Plxdc1/2 with the gH/gL glycoprotein complex of RRV and establish Plxdcs as novel cellular RRV 71 entry receptors. 72
73

RESULTS 74
To identify potential cellular receptors for RRV glycoprotein H, we performed 75 immunoprecipitation using soluble RRV 26-95 gH, consisting of the extracellular part fused to the Fc 76 part of human IgG (RRV gH-FcStrep) as bait and 293T whole cell lysate as prey ( Fig 1A) . Bands present 77 in the precipitation from 293T whole cell lysate, but not in control precipitation without 293T lysate 78 were excised and analyzed by LC-MS/MS. The most abundant cell surface protein, identified in four 79 of the five analyzed regions, was Plxdc2 or TEM7R, a cellular transmembrane protein. As described 80 above, Plxdc1 or TEM7 is the only homolog of Plxdc2 in humans and rhesus macaques, and was 81 therefore included in subsequent analyses. Human Co-immunoprecipitation of V5-tagged expression constructs of gH from KSHV and from the 85 two RRV isolates 26-95 and 17577, in the presence or absence of the corresponding Flag-tagged gL 86 proteins with myc-tagged human Plxdc1 or Plxdc2 (hPlxdc1-myc/ hPlxdc2-myc) from transfected 87 293T cells confirmed the interaction of both RRV gH/gL complexes with Plxdc2 ( Fig 1B) . Neither KSHV 88 gH/gL nor RRV 17577 gH/gL interacted detectably with Plxdc1-myc, while RRV 26-95 prominently 89 bound both Plxdc1 and Plxdc2 in the presence and absence of gL. 90
To evaluate the effect of Plxdc-binding to RRV gH on the interaction with EphB3, the high-91
affinity Eph family receptor for RRV gH/gL (14), we used soluble human Plxdc1 or Plxdc2, consisting 92 of the extracellular part of Plxdc1 or Plxdc2 fused to the Fc part of human IgG followed by a 93 interact with members of both receptor families simultaneously ( Fig 1C) . 98
While interaction in transfected cell lysates is strongly suggestive of a functional interaction, 99 the biologically relevant interaction for the entry process would occur with virion gH/gL. To evaluate 100 the functionality of the gH/gL -Plxdc interaction on virus particles both for wildtype RRV and an Eph-101 binding-negative RRV mutant, we utilized RRV-YFP, an RRV 26-95 strain engineered for constitutive 102 YFP expression upon infection, and RRV-YFP gH-AELAAN, an Eph-binding-negative RRV-YFP mutant 103 that we had previously described (Fig 2A) Fig 2C) . Infection of SLK cells and rhesus monkey fibroblasts was also slightly decreased by 120 preincubation of the viral inoculum with hPlxdc2-FcStrep, infection of SLK by RRV-YFP wt to 63.5% ± 121 3.7% and infection of RF by RRV-YFP wt to 73.9% ± 11.3% relative to preincubation with FcStrep as 122 control. However, this effect was less pronounced than on HaCaT and less pronounced than the 123 effect of hPlxdc2-FcStrep on RRV gH-AELAAN infection of the same cell types ( Fig 2D) . Taken 124 together, the immunoprecipitation and blocking experiments confirm the independence of the 125 gH-Plxdc interaction of the previously described Eph-interaction motif (21) In a next step we characterized the Plxdc binding motif on RRV gH. As the RRV 17577 gH-139
Plxdc2 interaction depends on gL whereas the RRV 26-95 gH-Plxdc2 interaction does not, we focused 140 on the N-terminal domain I of gH which, in analogy to EBV gH/gL (32), most likely constitutes the gL-141 binding interface. The differences in the Plxdc interaction of RRV isolates 26-95 and 17577 as well as 142 the lack of Plxdc -KSHV gH/gL interaction suggested a motif that is only partially conserved between 143 the RRV isolates but missing in KSHV. Using sequence comparisons ( Fig 3A) we identified a putative 144 interaction motif spanning 7 or 6 amino acid motif in the N-terminal region of RRV 26-95 gH and RRV 145 17577 gH, respectively, that is not conserved in KSHV gH. The motif is located close to the Eph-146 interaction motif we described previously, facing in the opposite direction in a homology model of 147 the RRV 26-95 gH/gL complex based on the EBV gH/gL crystal structure (3PHF) ( Fig 3B) . Deletion of 148 this motif completely abrogated the gH/gL interaction with Plxdcs of both RRV 26-95 ( Fig 3C) To quantitatively analyze the contribution of the Plxdc1/2-interaction to RRV infection of 189 different cell types, RRV-YFP wt and RRV-YFP receptor binding mutant inocula were normalized to 190 genome copies as determined by qPCR, and target cells were inoculated with the same number of 191 encapsidated input virus genomes for wt and each mutant virus strain in an MOI range of 0.05 to 1 192 on adherent cells. Infection as determined by the percentage of YFP+ cells was normalized to RRV wt, 193 which was set to 1. For suspension cell lines, experiments with RRV wt infection over 1% were 194 included in the analysis. Four (three for RF, five for MFB5487) independent sets of RRV wt and 195 mutant stocks were used to compensate for variability in stock preparation. None of the analyzed 196 adherent cell lines showed a preferential use of Plxdc receptors over Eph receptors based on the 197 reduction of specific infectivity of Eph-binding and Plxdc-interaction-deficient mutants ( Fig 5A) . On In this study we identified the Plexin domain containing proteins 1 and 2 as a novel family of 240 entry receptors for RRV. Plxdc1/2 interact with the gH/gL complex of RRV in a region close to the 241 previously characterized binding motif for Eph receptors. While the Eph-interaction as well as the 242 critical Eph binding motif in domain I of gH is conserved between RRV and the closely related human 243 pathogenic KSHV (21), the interaction with Plxdc1/2 is exclusive to RRV and even exhibits differences 244 between isolates 26-95 and 17577 as prototypic members of the described RRV sequence clades. 245
According to our results, differences between Plxdc1 and Plxdc2 may also exist in terms of 246 function. While overexpression of both Plxdc1 and Plxdc2 in Raji cells, that were virtually "non-247
susceptible" under the conditions used, lead to robust RRV 26-95 infection ( Fig 4D-E) , only 248 overexpression of Plxdc1 enhanced attachment of RRV wt and RRV gH-AELAAN in comparison to 249 either non-transduced Raji cells or Plxdc-binding deficient RRV mutants ( Fig 5D) . Whether this is 250 primarily due to differences in expression levels, consistently observed between Plxdc1 and Plxdc2 251 upon lentiviral overexpression or due to underlying functional differences in the gH interaction with 252 these molecules remains to be determined. 253
Mutation of residues Tyr23 and Glu25 in gH domain I which are conserved between RRV 254 isolate 26-95 and 17577 almost abolished the interaction with Plxdc2, which is bound by gH/gL of 255 both isolates. Although the same residues are critical for the interaction of RRV gH 26-95 with Plxdc1, 256 the partial conservation of the region appears to be insufficient to confer binding of 17577 gH to 257 Plxdc1. Interestingly, the interaction of 17577 gH with Plxdc2 is dependent on the presence of gL in 258 the gH/gL complex, whereas 26-95 gH is able to bind Plxdc1/2 independent of gL. These features of 259 Plxdc1/2 binding specificities appear similar to the interaction of the gH/gL complex with Eph 260 receptors, wherein mutation of the strictly conserved Eph interaction motif is sufficient to abrogate 261 receptor binding, but differences in KSHV and RRV affinities for A-and B-type Eph RTKs indicate the 262 existence of additional regions in gH or gL that contribute to or modulate the interaction. Whether 263 these preferences for different members of conserved receptor families also influence e.g. cell or 264 tissue tropism, viral spread or pathogenicity has not been determined. Sequence comparisons of 265 over twenty RRV isolates identified dramatic differences in the extracellular domains of gH as well as 266 in gL between isolates that fell in two discrete groupings either similar to 26-95 or 17577, while 267 variation in other glycoproteins R1, gM, gN, orf68 was minimal between clades (4). However, if these 268 clade-specific glycoprotein variations influence the observed differences in pathogenicity between 269 RRV strains 26-95 and 17577 remains to be seen. Another interesting question would be if the 270 receptor-binding function of the N-terminal region of gH is conserved between RRV and KSHV, and 271 probably EBV, and whether KSHV and EBV can bind another receptor through this region. So far, we 272 did not to identify corresponding interactions for KSHV, but in principle the region of gH is present in 273 both viruses and it is tempting to assume some functional conservation. 274
Along those lines, the evolutionary factors that drive interaction with different receptor 275 families and the resulting multitude of herpesvirus-receptor interactions is highly interesting. For e.g. 276 EBV and HCMV, a clear correlation between receptor usage, dependent on viral interaction partners 277 of the gH/gL complex, and cell tropism has been demonstrated in various studies ((34), reviewed in 278 (35)). However, for rhadinoviruses, the picture is less clear. Even though we could show that RRV 279 infection of select cell lines exhibited a dependence on specific receptors, e.g. Raji infection was 280 dependent on the gH/gL -Eph interaction, MFB5487 infection was more dependent on the Plxdc-281 interaction ( Fig 5) and similarly mutation of the Eph-interaction motif did not impact infection on all 282 cell types equivalently (21), a definite correlation between exclusive receptor usage and infection of 283 specific cell types is still missing. While the notion of a role of different receptor interactions in KSHV 284 and RRV cell and tissue tropism is tempting, the possibility of a redundant function should not be 285 discarded. Redundancy could be driven by the need to escape antibodies e.g. to one receptor binding 286 site. For instance, in vitro infection of human keratinocytes or rhesus fibroblasts seemed to be 287 impacted to a similar degree by either deletion of the Eph-or of the Plxdc-interaction motif ( Fig 5) . 288
To ultimately address the correlation between receptor-and tissue-tropism, in vivo studies using 289 receptor-de-targeted mutants to analyze cell and tissue tropisms will be required. The importance of 290 in vivo studies is also supported by a recent report that showed that a gL-null RRV mutant still 291 On a more speculative note, the apparent overlap between virus receptors and tumor-295 associated membrane proteins may represent an interesting research subject. Eph receptors were 296 first identified in an attempt to characterize tyrosine kinases involved in cancer (36) and altered 297 expression in various cancer types has been demonstrated for several Eph family members (reviewed 298 in (37)). Similarly, Plxdc1 was first described in a screen for novel tumor endothelial members (23) 299 and expression of both Plxdc1 and Plxdc2 is elevated in the endothelium of solid tumors (23, 24, 38, 300 39). Plxdc1 expression has been described as prognostic marker and modulating factor for various 301 human cancers (38-42). Given the similarity in changes of e.g. metabolic, transcriptional, and 302 signaling networks in cancer cells and upon virus infection it is not unlikely that either elevated 303 expression or signaling of these molecules is favorable for both virus infection and cancer 
459
Infectious RRV-YFP recombinants were generated as described previously (21). In short, bacmid DNA 
470
particles was harvested 2 to 3 days after transfection and filtered through 0.45μm CA membranes (Millipore).
509
For transduction, lentivirus stocks were used at a 1:5 dilution unless stated otherwise. After 48h, the selection 510 antibiotic blasticidin (Invivogen) was added to a final concentration of 10µg/ml. After initial selection the 511 blasticidin concentration was reduced to 5µg/ml.
512
Quantitative realtime-PCR-based viral genome copy number analysis and virus attachment assay. 
519
A series of five 10-fold dilutions of bacmid DNA was used as standard for absolute quantification of viral 520 genome copies based on qPCR of ORF73 for RRV (see S1 Table for a Thermo Fisher). The membranes were blocked in 5% dry milk powder in TBS-T (5mM Tris, 15mM NaCl, 0.05% 553 Tween20) for 1h, at room temperature, washed once in TBS-T and incubated with the respective antibodies for 554 2h at room temperature or overnight at 4°C (see S1 Table for a 
